In this study, we characterize the interaction between non-piliated (P 2 ) Neisseria gonorrhoeae and human and reveal a novel function of cholera toxin, namely induction of bacterial adherence.
Introduction
The pathogenic members of the genus Neisseria include N. gonorrhoeae and N. meningitidis. Both these organisms are obligate human pathogens that colonize mucosal surfaces. To cause disease, a bacterial pathogen must first gain entry into its host, find a protected niche, survive and multiply. The host defence mechanisms are designed to deny access to harmful bacteria. In response to this, the pathogenic Neisseria have evolved intricate strategies to exploit the host environment, such as induction of signal transduction pathways upon adherence and invasion into host epithelial cells, extensive antigenic variation of surface components, and interaction with regulators of complement regulation.
It has been known for a long time that pilus expression enhances adherence of pathogenic Neisseria to host target cells (Swanson, 1973) . The pili mediate and/or induce a stable anchorage of the bacteria to the cells, which in turn enable the bacteria to remain cell bound at high numbers. The primary interaction between pili and its host cell receptor CD46 results in transient release of Ca 21 from intracellular stores . Piliated Neisseria also induces the production of various cytokines (Naumann et al., 1997) , thereby contributing to a heavy inflammatory response and the characteristic signs of disease. The pilus consists of PilE, the major pilus subunit protein, PilC, a minor pilus-associated protein, and possibly other not yet identified minor components. Development of high-level adherence to epithelial cells is dependent on expression of PilC, and on sequence variation in PilE (Jonsson et al., 1991; 1994; Rudel et al., 1992; 1995a; Virji et al., 1992 Virji et al., , 1993 Nassif et al., 1993; 1994) . PilC has been suggested to be located at the tip of the pilus, and purified PilC inhibits adherence of both gonococci and meningococci (Rudel et al., 1995b) . However, PilC is also found in the bacterial membranes, and is associated with the bacterial cell surface (Rahman et al., 1997) .
Colonization of epithelial cells by N. gonorrhoeae and N. meningitidis is followed by cellular invasion. The opacity proteins (Opas) are a family of invasion associated outer membrane proteins which bind to CD66 (Chen and Gotschlich, 1996; Virji et al., 1996a, b; Gray-Owen et al., 1997) and heparan sulphate proteoglycan receptors on human cells (Chen et al., 1995; van Putten and Paul, 1995) . Invasion of piliated or Opa-expressing Neisseria into epithelial cells involves cytoskeletal rearrangements (Mertz and So, 1997; Mertz et al., 1999) . Also, the interaction of Opa 52 -expressing bacteria and CD66 on human neutrophiles activates a signalling cascade via Src-like protein tyrosine kinases, rac1 and PAK (Hauck et al., 1998) .
A number of alternative mechanisms of gonococcal binding to host cells occur. For example, the porin PorB1a of N. gonorrhoeae promotes bacterial invasion (van Putten et al., 1998) , and variation of the lipoligosaccharide (LOS) modulates bacterial invasion (Song et al. 2000) . Also, it has been shown that N. gonorrhoeae produces a 36 kDa outer membrane protein with a binding specificity to gangliotetraosylceramide. The genes encoding proteins recognizing this glycoprotein have been identified (Schwan et al., 1998) .
The molecular mechanisms behind microbial host cell cross-talk during adhesion and invasion have also been well studied in a number of other bacterial species, such as enteropathogenic Escherichia coli (EPEC), and species of Salmonella, Shigella, and Yersinia. Adherence and/or invasion of these pathogens occur after bacteriamediated activation of host cell signalling factors (Finlay and Falkow, 1997) .
Although pilus expression is a virulence factor of pathogenic Neisseria, there is research emerging showing the importance of low-level adhesion of P 2 Neisseria to host epithelial cells. Chen et al. (1991) showed that preincubation of N. gonorrhoeae with glutaraldehyde-fixed HEC-1-B cells resulted in gonococci that invaded at a 10-fold-higher level as compared with gonococci preincubated in cell culture medium only. No increased adherence could be detected in piliated gonococci. It has also been shown that P 2 , Opa 2 gonococci interact with the lutropin receptor Lhr, which recognizes both luteinizing hormone and human chronionic gonadotropin (hCG) (Spence et al., 1997) . Studies using human male volunteers have shown that that non-piliated mutants of N. gonorrhoeae are avirulent (Kellogg et al., 1968; Swanson et al., 1987) . Despite these early studies, it was recently reported that P 2 N. gonorrhoeae are able to colonize the male urethra in human experimental infection. However, the P 2 organisms did not cause inflammation and symptoms characteristic of gonorrhoea (Cohen and Cannon, 1999) . In addition, interaction between non-piliated Neisseria and host cells has been observed in other systems. Raza et al. (1999) showed that respiratory syncytial virus (RSV) enhances expression of native receptors for non-piliated N. meningitidis on HEp-2 cells. Thus, external stimuli or substances during the infection of humans may trigger adherence and colonization of non-piliated Neisseria.
In this study, we propose a model for cellular signalling pathways during adhesion to human cells of non-piliated Neisseria. We show that adherence of P 
Results
Adherence of non-piliated Neisseria is blocked by GDP-b -S Piliated (P 1 ) MS11 adhere well to ME180 cells, a human cervical cell line. In typical experiments, between 40 and 60 P 1 bacteria were attached to each cell within 1 h post infection. The N. gonorrhoeae MS11 P 2 n variant strain carries a deletion at the 5 H end of the pilE gene that gives a non-reverting non-piliated phenotype. Despite the lack of pilus expression, an average of three MS11 P 2 n bacteria adhered to each ME180 cell (Fig. 1A ). The bound P 2 n bacteria were scraped off the cell layer, spread onto GCB plates and analysed for expression of Opa. None of the P 2 n bacteria expressed Opa proteins, as detected by
Western blotting with a monoclonal antibody that recognizes all the Opa proteins in Neisseria (data not shown). Thus, the binding observed was not mediated by Opa, an outer membrane protein known to mediate tight adherence and invasion of host cells (Makino et al., 1991) . The contact between a bacterial pathogen and its host cell triggers a series of signal transduction events leading to a sophisticated cross-talk between the two actors. In order to characterize the interaction between non-piliated (P 2 ) bacteria and host cells, we used chemicals known to block specific signalling events in cells.
, is a non-hydrolyzable guanine nucleotide analogue that irreversibly blocks the action of G-proteins (Litosch et al., 1993) . Pretreatment of the ME180 cells with 100 mM or 200 mM GDP-b-S reduced binding of P 2 bacteria (Fig. 1B) . Because GDPb-S is unable to enter an intact plasma membrane, the ME180 cells were first permeabilized with digitonin. Bacterial adherence to permeabilized or intact cells maintained in 0 mM GDP-b-S were equal, indicating that the digitonin treatment itself had no influence on the bacteria±cell interaction. The finding that bacterial attachment was reduced with GDP-b-S suggests that the interaction between MS11 P 2 n and the ME180 cell involves a process requiring GTP hydrolysis. Adherence of MS11 P 1 was insensitive to GDP-b-S (Fig. 1C) .
G s -protein activators induce bacterial adherence
Because the binding was blocked by the G-protein inhibitor GDP-b-S, we tested whether the binding could be stimulated by G-protein activators. The role of heterodimeric G-proteins in signal transduction is established (Bourne et al., 1990) . AlCl 3 and NaF together form AlF 4 2 (fluoroaluminate) which acts as a direct G protein activator by blocking the activity of GTPases (Blackmore et al., 1985; Kanaho et al., 1985) . Preincubation of the ME180 cells with fluoroaluminate strongly induced adherence of MS11 P 2 n ( Fig. 2A and B) . Upon fluoroaluminate stimulation, the adherence of MS11 P 2 n increased at least 20-fold, i.e. the adherence of the non-piliated MS11 reached the level of piliated bacteria bound to untreated cells in control buffer. The adherence of MS11 P 1 was not significantly increased by fluoroaluminate compared with control buffer (data not shown). Cholera toxin (CTX) from Vibrio cholerae activates Gproteins by ADP-ribosylating the a subunit of G s . Pretreatment of the ME180 cells with CTX triggered adherence of MS11 P 2 n ( Fig. 2A and B). The adherence of MS11 P 2 n increased twice the level observed with untreated cells and MS11 P 1 . Thus, this finding demonstrates a novel function of the CTX molecule, namely induction of bacterial adherence to host target cells. Because GDP-b-S blocked binding of MS11 P 2 n, we tested whether this guanine nucleotide analogue could block the adherence induced by G-protein activators. Two wells of ME180 cells were both treated with 100 mM GDPb-S. After 30 min, CTX or fluoroaluminate was added to one of the two wells. The adherence induced by CTX and fluoroaluminate was blocked by GDP-b-S, indicating that the activation of G-protein(s) could subsequently be reduced again with a G-protein blocker (data not shown).
In some cell types, fluoroaluminate acts as a Ca 21 -ATPase inhibitor of the ER (Kanaho et al., 1985; Husaini et al., 1996) (Fig. 2D ).
Preincubation of the cells with pertussis toxin (PTX) from Bordetella pertussis, which acts on G i (Paris and Pouyssegur, 1987) , did not elevate the binding of MS11 
P
2 n ( Fig. 2A) . This indicates that G s , and not G i , is responsible for the signalling event during adherence of MS11 P 2 n to ME180 cells.
The extracellular [Ca 21 ] affects adherence of non-piliated
Neisseria to target cells
It is well established that G-proteins affect intracellular Ca 21 levels. Small G-proteins have been shown to link the depletion of intracellular calcium pools to calcium entry across the plasma membrane (Bird and Putney, 1993 (Fig. 3C ). Proteins that act as calcium receptors exists in the host membrane and are G-protein linked (for review se Clapham, 1993) . The calcium-induced response can also be coupled with the response by G-protein activators such as fluoroaluminate. In the presence of both fluoroaluminate and 5 mM EGTA, the adherence of MS11 P 2 n was still strongly elevated, indicating that the G-protein activation did not involve uptake of Ca 21 from the extracellular environment (Fig. 4) . In addition, Fig. 4 shows that thapsigargin, that irreversibly empties intracellular Ca 21 stores of the ER (Thastrup et al., 1990) , blocked the fluoroaluminate-induced adherence of non-piliated bacteria, indicating that release of intracellular Ca 21 is a main route for the induction observed. Gonococcal porin promote invasion and is known to insert into the host cell membrane as a voltage-gated calcium channel (van Putten et al., 1998; Mu È ller et al., 1999) . However, incubation with ATP did inhibit the induced binding of non-piliated bacteria, suggesting that this interaction did not involve porin (data not shown).
Adherence of non-piliated Neisseria is blocked by Clostridium botulinum C3 toxin
The interaction between non-piliated Neisseria and host cells clearly involves G-proteins. To this family belong the small G-proteins. Small G-proteins, such as rho, a rasrelated GTP-binding protein, is involved in the interaction between several bacterial species and host target cells. For example, rho plays an important role in the signal transduction events during adherence and invasion of Shigella (Watarai et al., 1997) . C. botulinum toxin C3 is specifically acting as a ADP-ribosyltransferase on Rho, thereby inactivating its activity as a GTPase.
We examined whether the adherence of non-piliated N. gonorrhoeae MS11 is dependent on the activity of Rho. Semi-confluent monolayers of ME180 were pretreated with 0.5 mg of C3 exotoxin for 21 h and then infected with MS11 P 2 n. As shown in Fig. 5A , the binding of P 2 n was significantly reduced by C3. The C3 exotoxin did not affect adherence of MS11 P 1 (Fig. 5B) .
When ME180 cells were treated with C. botulinum toxin C3, both fluoroaluminate and CTX failed to induce adherence of N. gonorrhoeae (Fig. 5B) ] affects adherence of P 2 n Neisseria. A. Adherence of N. gonorrhoeae MS11 to ME180 cells, using different concentrations of free extracellular Ca 21 in the medium. HBS with defined free [Ca 21 ] was mixed using MaxChelator software. The bacteria and the defined buffer were added simultaneously to ME180 cells maintained in control buffer. After 60 min of infection, the cells were washed, treated with saponin and spread onto GCB plates. Shown are the average of three independent experiments and standard deviations. B. Adherence of N. gonorrhoeae MS11 P 2 n to ME180 cells. MS11 P 2 n bacteria and 5 mM CaCl 2 (black bars) or only MS11 P 2 n (grey bars) were added to the ME180 cells and the infection was allowed to continue for 0 min, 10 min, 20 min and 40 min. After the infection, the cells were washed, treated with saponin and spread onto GCB plates. C. The effect of 5 mM extracellular free Ca 21 on the intracellular free calcium concentration ([Ca 21 ] i ) in ME180 cells. [Ca 21 ] i was measured in fura-2 loaded ME180 cells by dual wavelength spectrofluorimetry upon perifusion of different agents. The experiment was repeated at least three times.
with non-piliated and piliated bacteria. As shown in Fig. 5C , adhesion of MS11 P 2 n was clearly enhanced by preincubation of the cells with CNF1. CNF1 had no detectable effect on the adherence of piliated MS11 (data not shown).
Discussion
In this work, we studied the mechanisms for adherence of non-piliated (P 2 ) Neisseria to host target cells. We show G-proteins may function as intermediates in transmembrane signalling pathways (Gilman, 1987 Bliska et al., 1993) . Adenylyl cyclase activity has been demonstrated in several tissues to be controlled by Ca 21 concentrations, and it has been proposed that calciumsensitive adenylyl cyclases may provide the cross-talk between the Ca 21 and cAMP signal transduction systems (Clapham, 1993) . It was recently demonstrated that a non-piliated mutant, unable to produce pilE, was able to colonize the male urethra in experimental infection of human volunteers. However, the subjects did not develop symptoms characteristic of gonorrhea (Cohen and Cannon, 1999) . About 5±10% of the adult human population carries N. meningitidis without symptoms, and about 50% of the females infected with N. gonorrhoeae have no symptoms of disease. It is possible that interactions between nonpiliated Neisseria and host cells are important for the asymptomatic colonization.
The finding that attachment of MS11P 2 was reduced with GDP-b-S, a non-hydrolyzable guanine nucleotide analogue that irreversibly blocks the action of G-proteins, suggests that the interaction between MS11 P 2 n and the ME180 cell involves a process requiring GTP hydrolysis. The MS11 P 2 binding was strongly induced by both CTX and fluoroaluminate. Fluoroaluminate (AlF X 4 ), a GTPbinding agent, locks G-proteins in an active state, while CTX selectively activates G s -proteins. Because bacterial adherence to ME180 cells was not affected by PTX, which acts on G i , it is likely that neisserial attachment is specifically induced by activation of G s . Furthermore, the adherence induced by CTX and fluoroaluminate was blocked by GDPb-S, indicating that the activation of G-protein could subsequently be reduced again with G-protein blockers. AlF 4 2 , but not CTX, triggered increases of [Ca 21 ] i , indicating that these two molecules may induce different pathways or act at different steps in the same pathway. The binding of N. gonorrhoeae P 2 n to ME180 was significantly reduced by C. botulinum toxin C3, that specifically acts as a ADP-ribosyltransferase on Rho, thereby inactivating its activity as a GTPase. Furthermore, the effect of fluoroaluminate and CTX was diminished for cells preincubated with the C3 toxin. Thus, these data indicate the existence of a not previously reported pathway of CTX-action. The Rho family belongs to the small G-protein superfamily consisting of the Rho, Rac and Cdc42 (Hall, 1994; Takai et al., 1995) . Rho family members regulate diverse cell functions, such as cell motility, cell shape change and cytokinesis, through the reorganization of the actin cytoskeleton. The Rho family members are involved in the interaction between several bacterial species and host target cells. For example, Rho plays an important role in the signal transduction events during adherence and invasion, i.e. Shigella (Watarai et al., 1997 calcium concentration in milk is 25 mM. During water restriction on a diet rich in calcium, normal subjects can readily achieve a total calcium concentration in the urine of more than 5 mM. Another example is the Ca 21 concentration within the vicinity of the osteoclasts that are actively resorbing bone. It has been estimated that the Ca 21 concentration beneath such osteoclasts may be as high as 26 mM (Brown, 1991 The adherence of P 2 Neisseria was induced by probably via a G-protein linked receptor. It is tempting to speculate that the signalling cascade upon binding of nonpiliated Neisseria could upregulate a secondary structure/ receptor on the surface of the host target cell, allowing the bacteria to attach firmly to the host cell (Fig. 6 ). Pathogenic Neisseria stimulate more than one signal transduction pathway to promote entry into mammalian cells, and the bacteria encode multiple determinants capable of activating multiple signalling receptors. The long-term process to identify the bacterial ligand(s) ± host cell receptor(s) involved in the interaction described in this paper is currently under investigation.
Experimental procedures

Bacterial strains and mutants
The N. gonorrhoeae MS11 strain used in our studies is designated MS11 mk (P 1 )-u, and is in the text referred to as MS11. The MS11 P 2 n variant is deleted at the 5 H end of pilE (Swanson et al., 1986) . The MS11 double pilC knockout mutant, DD10, has previously been described (Jonsson et al., 1991) . N. meningitidis FAM20 (P 1 , PilC1 1 , PilC2 1 ) belong to serogroup C (Rahman et al., 1997) . The pilC mutants
1 , pilC2::mTnCm) and FAM20.2 (P 1 , PilC2 1 , pilC1::mTnCm) have been described (Rahman et al., 1997) . Piliated and non-piliated N. gonorrhoeae were distinguished by colony morphology under a binocular microscope, and piliation was further confirmed by transmission electron microscopy. Neisseria were grown on GCBagar supplemented with Kelloggs at 378C in 6% CO 2 atmosphere and restreaked every 18±20 h.
Cell lines and growth conditions
ME180 (ATCC HTB33), an epithelial-like human cell line from cervical carcinoma, was maintained in McCoy's 5A medium supplemented with 10% inactivated fetal bovine serum (FBS) and 2 mM L-glutamine. Cell lines were maintained at 378C, 6% CO 2 , and occasionally grown in penicillin/streptomycin (PEST) containing medium to prevent contaminations. All the experiments were performed without FBS, antibiotics and L-glutamine. Media and growth supplements were purchased from Life Technologies. Cell culture materials were purchased from Costar. For spectrofluorometric experiments, cells were cultured on poly L-lysine coated glass coverslips (Kebo).
Preparation of defined buffers
HBS buffer with defined free [Ca 21 ] was accomplished with the MaxChelator software as described previously (Ka È llstro È m et al., 1998). The HBS contained 145 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 0.5 mM MgCl 2 , 10 mM hepes and 5 mM Dglucose. The pH was set with NaOH to 7.4. For permeabilized cells, the hepes buffer was called P-HBS and contained 110 mM KCl, 1 mM NaCl, 2 mM KH 2 PO 4 , 1 mM MgCl 2 , and 10 mM Hepes, 10 mM phosphocreatine and 10 units ml 21 creatine phosphatase. The pH was set to 7.4 with KOH. The buffers were kept in plastic bottles. CaCl 2 was added in access and, according to calculations, buffered with EGTA to the desired free Ca 21 concentration.
Binding assays and Western blots
The cells were grown in 24-well tissue culture plates for 2±3 days until each well contained about 10 5 cells. Semiconfluent monolayers were carefully washed three times in medium or HBS with 1.5 mM free Ca 21 . Bacteria were suspended in buffer (m.o.i. 1:100) and added to the cell layer. After infection for 60 min at 378C, 6% CO 2 , the cell layers were washed three to five times. The infected cell layer was visualized under a microscope to make sure that all unbound bacteria were washed away. Cells were treated with 1% saponin for 5 min and spread onto GCB plates. The bacteria were grown at 378C, 6% CO 2 overnight and colony forming units (cfu) were counted.
SDS±PAGE and Western immunoblotting of whole bacteria were performed as described previously (Jonsson et al., 1991) . Mab 4B12 is specific for a conserved linear epitope present in all Opa proteins (Achtman et al., 1988) and was a generous gift of M. Achtman.
Permeabilization of cells
Semiconfluent layers of ME180 cells were washed 3 Â 5 min in P-HBS. The cells were permeabilized with 0.5 mg ml 21 digitonin in P-HBS for 15 min at 378C. Trypan blue (0.01%) was added in a control well as an indicator of successful permeabilization. Binding assays were performed within 10 min after the permeabilization procedure.
Chemical treatments
GDP-b-S was purchased from Calbiochem, and added for 20 min to permeabilized cells at concentrations of 100 mM or 200 mM. NaF (10 mM) 1 AlCl 3 (10 mM) was mixed in advance, forming AlF 4 2 (fluoroaluminate). Bacteria and fluoroaluminate or extracellular Ca 21 (5 mM) was added simultaneously to the ME180 cells. Cholera toxin (100 ng ml 21 ) was added to cells 10 min prior to infection, PTX (100 ng ml 21 ) was preincubated with the cells in serum containing McCoy's medium for 8 h at 378C. None of the chemicals used showed any visual cytotoxicity during incubations. The cell layer was washed before addition of the bacteria. C. botulinum toxin C3 (Sigma) was preincubated to the cells at a concentration of 0.5 mg ml 21 for 21 h at 378C, 6% CO 2 . The cell layer was washed before addition of the bacteria. CNF1, on plasmid pISS391 (Falbo et al., 1993) , and control extracts were prepared from E. coli DH5a according to Island et al. (1999) . Cells, preincubated with CNF1 containing supernatant for 18 h, were infected with MS11 P 1 or MS11 P 2 n for 60 min
Intracellular Ca 21 measurements
The fluorescent Ca 21 indicator fura-2 was used to measure [Ca 21 ] i . ME180 cells were loaded with 4 mM fura-2 acetoxymethylester (AM) as previously described (Ka È llstro È m et al., 1998). The fluorometric microscopy system used has been described (Islam et al., 1995) . Briefly, fura-2/AM loaded cells were placed in a 378C perifusion chamber, connected to an inverted epifluorescence microscope (Zeiss, Axiovert 35M).
Upon assay, the ME180 cells were exposed to chemicals in HBS containing 1.5 mM free Ca
21
. For spectrofluorometric experiments, fluoroaluminate, CTX or CaCl 2 was added with a perifusion of 0.2 ml min 21 , which resulted in a delay of 20 s before all cells were subjected to the agent. One single cell, isolated optically by the microscope, was analysed using a 100x/1.3 NA oil-immersion objective. The microscope was connected to a SPEX fluorolog-2 CM1T11I system for dual wavelength excitation fluorimetry. When fura-2 chelates Ca 21 , it shifts excitation maximum from 380 nm to 340 nm. The ratio between the fluorescence intensity at 340 nm and 380 nm (F340/380) gives a value of free Ca 21 in the cytosol. Dissociation constant (K d ) of fura-2 was set to 225 nM. The background fluorescence was measured and subtracted before calculation of [Ca 21 ] i . To compensate for variations in output light intensity from the two monochromators, the F340/380 values were corrected with both monochromators set at 360 nm. The [Ca 21 ] i was calculated according to Grynkiewicz et al. (1985) .
